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Abstract
We describe MANTIS (Monte carlo x-rAy electroN opTical Imaging Simulation),
a tool for simulating imaging systems that tracks x-rays, electrons and optical
photons in arbitrary materials and complex geometries. The x-ray and electron
transport and involved physics models are from the PENELOPE package, and
the optical transport and corresponding physics models are from DETECT-II and
include Fresnel refraction and reflection at material boundaries, bulk absorption
and scattering. Complex geometries can be handled with the aid of the
geometry routines included in PENELOPE. When x-rays or electrons interact
and deposit energy in the scintillator, the code generates a number of optical
quanta according to a user-selected model for the conversion process. The
optical photons are then tracked until they reach an absorption event, which in
some cases contributes to the output signal, or escape from the geometry. We
demonstrate the capabilities of this new tool with respect to the statistics of the
optical signal detected and to the three-dimensional point-response functions
corresponding to columnar phosphor screens.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Most models of x-ray imaging detectors use limited or no x-ray scatter, no electron transport,
and define phosphor blur typically with a Gaussian distribution. Conversion gain in these
simple models is taken from a distribution (typically Poisson) and no depth-dependent optical
collection efficiencies are used. X-ray scattering in the object and backscattering from non-
active detector layers is frequently disregarded. Moreover, these models are usually limited
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to normal x-ray incidence. Overall, they cannot accurately represent shift-variant and non-
stationary systems.

Although a significant improvement in the treatment of phosphor depth effects, the model
presented by our group recently (Gallas et al 2004, Badano et al 2004) was limited to low x-ray
energy where no significant Compton scattering or x-ray fluorescence was present. Electron
transport was not considered and phosphor blur was isotropic, obtained with a simplistic
columnar model. In addition, no scattering in the object nor in the non-active detector layers
was included.

In this paper, we report on an improved simulation tool called MANTIS (Monte carlo x-
rAy electroN opTical Imaging Simulation) for modelling imaging systems that includes the
transport of x-ray photons, electrons and optical photons within the same geometry. The
code MANTIS is the intimate combination of two building blocks: PENELOPE (an x-ray/electron
Monte Carlo transport code) and DETECT-II (an optical photon Monte Carlo transport code).
It is intended for the study of problems involving indirect imaging sensors in which light is
generated by the interaction of particles with matter in a transducer (so-called phosphor or
scintillator) material. In MANTIS, the processes of energy transfer from secondary electrons to
light is modelled event by event, according to an energy-dependent gain and with a particular
model for the variations in the efficiency of that energy transfer. We use MANTIS—from the
Greek prophet or oracle—to investigate imaging characteristics of phosphor screens for digital
x-ray imaging systems.

2. The physics models in MANTIS

The validity of MANTIS is limited to ionizing radiation energies above 50 eV and lower than
1 GeV, and to optical photons whose wavelength is small compared to the smallest
characteristic dimension of the structures to be modelled. MANTIS includes all the relevant x-ray
and electron interactions in the considered energy range. The phosphor blurs obtained with
MANTIS are anisotropic and realistic due to improvements in the modelling of the physics, and, in
the case of columnar phosphors, by the presence of columnar tilt and a more packed columnar
configuration with column-in-centre-and-corners array that closely matches experimentally
measured packing fractions.

2.1. X-ray and electron transport

The x-ray and electron transport methods are from the PENELOPE package (Salvat et al 2003,
Sempau et al 1997). The computer code system PENELOPE performs Monte Carlo simulation
of coupled electron-photon transport in arbitrarily defined materials in the energy range from
50 eV up to 1 GeV. Photon transport is simulated by means of the detailed simulation scheme,
i.e., interaction by interaction. Electron and positron histories are generated on the basis of a
mixed procedure, which combines detailed simulation of hard events (those involving energy
losses or angular deflections above certain user-defined cut-offs) with condensed simulation
of soft interactions. Within the PENELOPE package, the geometry routines (PENGEOM) permit the
generation of random electron-photon showers in material systems consisting of homogeneous
bodies bounded by quadratic surfaces. This package allows for translation and rotation of
bodies, which will prove useful for the simulation of many-angle projection imaging systems
like computed tomography and tomosynthesis.

In the energy range from 50 eV up to 1 GeV, the dominant interaction processes between
photons and matter are coherent (Rayleigh) scattering, incoherent (Compton) scattering, the
photoelectric effect and electron-positron pair production. Other interactions occur with much
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Figure 1. Mean-free path of different photon interaction mechanisms for CsI in the diagnostic
imaging energy range, obtained with the program TABLES included in the PENELOPE 2005 package.

smaller probability and can be disregarded in our analysis. From a few keV down to 50 eV the
uncertainty in the cross sections is relatively large and, hence, the description of the transport
process is semi-quantitative. Even at these low energies, the physics models are among the
most reliable available to date and allow us to have a qualitative view of the transport process.
For electrons (and positrons) the physics models include elastic scattering, inelastic collisions,
bremsstrahlung emission and positron annihilation. The atomic differential cross sections
adopted in PENELOPE are defined either as analytical functions or by means of numerical tables,
or as a combination of both. The fluorescent radiation (either x-rays or Auger electrons) that
results from the relaxation after a vacancy in the K, L, or M atomic shells is also simulated. The
detailed description of the physics models are given by (Salvat et al 2003) in a document that is
published and freely distributed with the PENELOPE code by the Nuclear Energy Agency (NEA).
PENELOPE has been applied to a wide range of problems (Siegbahn et al 2003, DesRosiers et al
2000, Mazurier et al 2001, Mourtada et al 2003, Al-Dweri and Lallena 2004, Cot et al 2004,
Moskvin et al 2004, Sempau et al 2004) and has been validated extensively (Sempau et al
2003, Carrasco et al 2004, Llovet et al 2003).

As an example of the cross sections used in the package, figure 1 shows the mean-
free path of x-rays in the diagnostic energy range for the three interaction types: Rayleigh,
photoelectric and Compton scattering. The PENELOPE package was adapted to the specific
requirements of the MANTIS simulation using PENEASY, a generic main program and accessory
routines that allow easy configuration of PENELOPE. PENEASY is freely available from
http://www.upc.es/inte/english/download engALL.htm.

2.2. Optical transport

A detailed description of the optical physics model and the procedures for the definition
of periodic geometric structures (such as those found in columnar scintillator screens) are
given by (Badano 2003). The optical transport models in MANTIS are taken from DETECT-II, an
optical Monte Carlo simulation code for the study of light transport processes within emissive
structures (Badano 1999, Badano and Flynn 1997, Badano and Kanicki 1999, 2001). DETECT-II

extended previous work on optical Monte Carlo (Knoll and Knoll 1988) by improving the
description of optical physics models. Optical processes described in MANTIS include bulk
absorption, scattering and Fresnel refraction (Badano 2003). To determine the location

http://www.upc.es/inte/english/download_engALL.html
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of the next collision (absorption or bulk scattering event), a distance is sampled from an
exponential probability density function based on the total mean-free path. If a collision
occurs, a decision is made with respect to the type of event based on the relative wavelength-
dependent cross sections for absorption and scattering. At optical boundaries, an analysis is
performed depending on the surface type and material properties, using Fresnel’s equations
while considering the polarization of the incoming photon.

The optical transport methods in DETECT-II implemented in MANTIS are based on a set of
assumptions. First, we assume validity of the geometrical optics treatment (Born and Wolf
1965) which neglects the effect of finite wavelength. For Monte Carlo simulations, the light
ray is assumed to carry one single quanta (light photon). Then, the reflection and transmission
coefficients are interpreted as probabilities (Levy-Leblond and Balibar 1990).

Second, materials are considered to be optically isotropic in the sense of having optical
properties that are independent of the direction of transport at all energies. This assumption
can be considered valid for crystals with uniform cubic lattices (Born and Wolf 1965) such
as CsI:Tl. In addition, the emission of light from luminescent centres is considered to be
isotropic. Even though certain types of centres are non-isotropic (Nagirnyi et al 1994),
resulting in preferential polarization directions, it has been shown that light emission from
the Tl+ centres in CsI:Tl (an example of a non-isotropic centre) is depolarized at T > 230 K
(Nagirnyi et al 1995).

The optical properties of the materials used in the simulation are entered in the input files
as spectral tables (i.e., as functions of the optical photon wavelength λ) and include the index
of refraction n and the linear absorption coefficient µabs. The linear scattering coefficient µsca

is entered for a single wavelength and its variation with λ is obtained from the limiting case of
Mie theory for small spheres (Rayleigh’s law), according to which µsca is proportional to λ−4

(Born and Wolf 1965, Kerker 1969).
Although the angular probability distribution for scattering events has in some cases been

assumed to be isotropic (Firbank et al 1996), in MANTIS it can be defined by the user as either
isotropic or Rayleigh. On average, Rayleigh scattering of unpolarized light has an angular
dependence of the type 1 + cos2 θs , where θs is the angle between the directions of the incident
and scattered photons. For linearly polarized light photons, the probability of scattering is a
function of the angle between the polarization vector of the incident photon, and the direction
of the scattered photon (χ ), according to sin2χ (Kerker 1969), with an azimuthal deflection
angle sampled uniformly in 2π . This expression used in DETECT-II is also incorporated into
MANTIS. Although this model is strictly valid only for scattering by free electrons, the agreement
between our simulation results and experiments shows that it is also a good approximation for
the type of situations we wish to describe, and it is certainly more realistic than using a simple
isotropic distribution which is the approach taken by other authors.

Another feature of MANTIS is the available surface models. Surfaces are defined as
boundaries between different materials, and can be of the following types: smooth (optically
flat), rough, partially absorber/rough reflector, partially absorber/specular reflector, perfect
absorber, partially absorber/diffuse reflector, or transparent. In these surface definitions
diffuse (also called Lambertian) reflections are based on the probability distribution function

p(φ) = 2 cos φ sin φ, (1)

where φ is the angle formed by the reflected photon and the surface normal (0 < φ < π/2). In
a reference frame with its z axis coincident with the surface normal, φ is the polar angle. The
corresponding azimuthal reflection angle is sampled uniformly in (0, 2π ]. The Lambertian
distribution is independent of the polar angle of the incoming photon. The roughness algorithm
is based on the tilting of the surface normal unit vector n using an isotropically sampled
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Figure 2. Energy depositions ((a) and (c)) and optical photon trajectories ((b) and (d)) for two
sample 39.5 keV x-ray histories in a columnar phosphor. Only the first five optical photon histories
are tracked for clarity. The diameter of the circles centred on energy deposition locations are
proportional to the deposited energy. Note than in the first example ((a) and (b)), all the energy
from the x-ray and secondaries is deposited in one column, while in the second case ((c) and (d))
energy is deposited in two columns. The outline of the columns can be deduced by the multiple
reflections of optical photons that occur at their walls.

‘roughness’ unit vector v, so that the modified (unnormalized) normal direction at the site
of boundary crossing of the rough surface is given by n + av, where a is an user-adjustable
parameter.

The optical characteristics of a surface can be defined in three different ways: (i) by
selecting one of the surface models listed above; (ii) assuming a reflective surface with a user-
defined reflection coefficient and an explicit angular distribution function for the reflected light
rays; or (iii) implicitly, by having recourse to the refraction physics model in MANTIS. This
model is based on Fresnel’s formulae for plane waves (Born and Wolf 1965), which provide
the independent solutions for the parallel and perpendicular components, relative to the plane
of incidence, of the electric field vector of a linearly polarized plane wave associated with a
light photon.

The refraction angle θ2 after a boundary crossing from a material with refractive index n1

into a material with refractive index n2 is given by Snell’s law

n1 sin θ1 = n2 sin θ2, (2)

where θ1 is the incidence angle with respect to the surface normal. According to
Fresnel’s formulae, the transmission and reflection probabilities for parallel and perpendicular
components are

P‖,trans = sin(2θ1) sin(2θ2)

sin2(θ1 + θ2) cos2(θ1 − θ2)
, (3a)
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Figure 3. Typical structure of the CsI:Tl needle-like crystals (courtesy of Vivek Nagarkar, RMD
Inc.).

P⊥,trans = sin(2θ1) sin(2θ2)

sin2(θ1 + θ2)
, (3b)

P‖,refl = tan2(θ1 − θ2)

tan2(θ1 + θ2)
= 1 − P‖,trans (3c)

and

P⊥,refl = sin2(θ1 − θ2)

sin2(θ1 + θ2)
= 1 − P⊥,trans. (3d)

If ω⊥ and ω‖ are the components of the polarization vector in the perpendicular and
parallel directions with respect to a surface

(
ω2

⊥ + ω2
‖ = 1

)
, we can write the probabilities of

reflection and transmission (Born and Wolf 1965) as

Prefl = ω2
⊥P⊥,refl + ω2

‖P‖,refl, (4)

with an equivalent expression for the transmitted probability, resulting in

Ptrans = 1 − Prefl. (5)

For the Monte Carlo simulations, we interpret Prefl as the probability of reflection, and the
fate of the photon is decided with a random number draw. Upon reflection or refraction, the
components of the polarization vector are modified. At the first surface encounter, a random
linear polarization of the source is assumed to mean that the orientation of a polarization
vector normal to the path is random. The polarization of a photon after reflection is given
by ω′

‖ = ω‖P‖,refl and ω′
⊥ = ω⊥P⊥,refl. Similarly, after refraction, ω′

‖ = ω‖P‖,trans and

ω′
⊥ = ω⊥P⊥,trans. The new components are renormalized to yield ω′

‖
2 + ω′

⊥
2 = 1. For

following surface encounters new parallel and perpendicular components are obtained by
calculating the polarization vector projected into the surface.

2.3. Coupling between PENELOPE and DETECT-II

In a non-absorbent screen with an ideal sensor (i.e., a screen with an optical collection and
optical detection efficiency of 100%), the number of optical photons q generated at each event
depositing an energy e is given by

q = e�, (6)
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(a) (b) (c)

Figure 4. Cross sections of the basic phosphor screen model containing a columnar layer with
arbitrary tilt: (a) basic cell for columnar array, (b) top-view of perpendicular column array and (c)
array of 5◦-tilted columns. Figures obtained with GVIEW (available with PENELOPE’s distribution).

where � is the optical gain. In MANTIS, � is sampled from a user-selected distribution function
(which can be a delta, a Poisson, or a Gaussian) with a mean value � given by the material
overall gain factor, which is usually assigned from experimental measurements of light output
(see, e.g., Knoll 1989). Experimental values of � are reported in the literature (see, for
instance, Rowlands and Yorskton 2000). In addition, the user must also provide the spectrum
of the light emission in the scintillator. If we assume Poisson gain (Knoll 1989), the optical
quanta are Poisson distributed. This approximation is common in simple simulation models.
However, due to the optical transport associated with different locations and depths in the
phosphor structure, the distribution of detected optical photons does not follow a Poisson
form, even at energies where photoelectric effect is predominant.

The optical photons are then tracked (see figure 2) until they reach an absorption event,
which in some cases contributes to the output signal, or escape from the geometry. Optical
photon trajectories and energy deposition maps for the phosphor model described later in the
paper are shown for illustrative purposes in figure 2.

Individual optical photons that reach the photodiode undergo a test for the photo-detection
process, by comparing a random number uniformly distributed in (0, 1) to the probability of
detection, which corresponds to the spectral sensitivity at the energy of the optical photon (E).
If detected, the photon generates a charge (or signal) s given by

s = P(E/ε), (7)

where ε is the energy required to generate a single electron-hole pair in the photodiode
material (for a-Si:H, this value is 3.6 eV) and P(x) represents the sampling from a Poisson
distribution with mean value x. The accumulated signal s is binned in space to obtain the
image point-response function, or in pulse-height mode, to obtain the pulse-height spectrum
(PHS).

3. Application to columnar phosphors

MANTIS is a simulation tool that can be applied to many imaging problems. Most importantly,
the code allows the user to perform deposited energy calculations while, at the same time,
obtaining imaging performance metrics. This is of particular relevance to systems that perform
radiation therapy treatments with associated imaging capabilities. In the following, we describe
how MANTIS can be applied to the modelling of columnar phosphors of the general type used in
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Figure 5. Dimensions and materials in the columnar screen model.

Table 1. Differences between our previous columnar screen model and the model presented in this
paper with respect to the validation of computational experiments.

Columnar model in (Badano et al 2004) Columnar model in this work

Columns with low packing density Packing density about 85%
Vertical columns Columns with arbitrary tilt
Columns with flat surfaces Optically rough surfaces
No electron or fluorescence transport Complete ionizing radiation transport
Limited to x-ray energies below 30 keV Wide range of x-ray energies

Table 2. Optical properties of the materials used to define the detector model.

Property n µabs (cm−1) µsca (cm−1)

Scintillator crystal 1.8 1.0 1.0
Gas 1.0 0.0 0.0
Photodiode 1.7 0.1 10.0

many imaging modalities, including mammography, computed tomography and portal imagers
(see figure 3).

Columnar phosphor screens are employed in imaging systems to improve the detection
of x-ray quanta while controlling lateral dispersion of the signal due to optical transport
(Rowlands and Yorskton 2000, Nagarkar et al 1998). Columnar crystalline structures are
obtained via a deposition process on specially treated substrates. The modelling of the light
transport processes in these types of scintillator structures has been treated before (Badano
et al 2004) by assuming an unrealistic geometry, among other simplifications (see table 1).
With MANTIS, the modelling of such complex structures becomes possible. In the following
section, we show results on the imaging performance of these phosphor screens with regard
to the statistics of the light output, and to phosphor blur.

We chose to model columnar phosphors for indirect x-ray imaging in front-screen
configuration, i.e., with x-rays entering the detector through the phosphor layer and optical
quanta being detected by the photo-diode at the opposite side. The screens investigated in
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Figure 6. Pulse-height spectra for the columnar model.

this paper have been modelled by a procedure that, instead of trying to replicate experimental
measurements on one particular imaging parameter (i.e., modulation transfer function), uses
three parameters which, together, represent a more complete description of the imaging
characteristics of the phosphor screen. The three performance parameters are the information
(Swank) factor I, the light output (either in absolute or relative scales depending on the
availability of data from the literature), and the spread function.

In addition, we used information from scanning electron microscopy images of the
structure which show that columns are tilted about 5◦ from the vertical direction, and that
a layer of unstructured material is situated at the base of the phosphor in proximity with the
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Table 3. Predictions of MANTIS and experimental measurements concerning the statistics of the
output signal at different x-ray energies for a 100-µm-thick columnar CsI:Tl phosphor screen
model. Experimental Swank factors are from (Zhao et al 2004), and optical outputs are from (Zhao
2005). Light output is expressed as a fraction of the generated light quanta, which corresponds to
ζ in the treatment of (Gallas et al 2004).

X-ray energy Experimental measurements MANTIS predictions

18.5 keV
Information factor 0.9 0.99
Light output (fraction of generated) 0.80 0.77
40.5 keV
Information factor 0.75 0.73
Light output (fraction of generated) 0.80 0.77
60.5 keV
Information factor 0.87 0.88
Light output (fraction of generated) 0.80 0.77

sensor material. For clarity, the differences of the model presented here with our previous
model for columnar screens (Badano et al 2004) are summarized in table 1.

3.1. Columnar geometry

The columnar model, a significant improvement over our previous work (Badano 2003), is
based on the generation of geometries using quadratic surfaces and bodies from the PENGEOM

routines, one of the elements included in the PENELOPE package. The screen is defined by
cloning a central cell as many times as necessary (see figure 4). The model dimensions
adopted in this paper are shown in figure 5.

Our model of the columnar phosphor, depicted in figure 5, consists of a scintillator
crystal, a backing material, a photodiode layer and a glass substrate. The material in between
the columns is nitrogen gas. Table 2 lists the optical properties of the materials for each of
these layers. Although these properties can be defined as wavelength dependent, we have
modelled the detector using a single value of the parameter at 500 nm due to the lack of
availability of experimental measurements of wavelength-dependent optical properties for the
materials in the form that they are utilized in the screens. The x-ray and electron transport
cross sections were obtained using the MATERIAL program included in the PENELOPE package.

The reflection coefficients used in our columnar phosphor model is 1.00 as the reflectivity
of the backing surface, and 0.20 for the reflectivity of sensor surface. All surfaces not
considered smooth (with implicit refractivity) have a diffuse or Lambertian reflection angular
distribution. The optical properties of the top surface of the backing layer and the glass
substrate are irrelevant since reflector surfaces are placed at the entrance of these slabs.
Therefore, no optical photon travels into those layers.

In all our simulations the coordinate axes are defined as follows: the z axis is perpendicular
to interface between the glass and the silicon and, in the section shown in figure 5, points
upwards; the x axis points to the left in figure 4, so that the y axis points towards the reader
in part (c) of the same figure. Therefore, columns are tilted by turning around the y axis
a certain positive (right-hand rule) angle. Any arbitrary tilt can be defined by giving the
polar and azimuthal angles of the columns axis direction in the reference frame mentioned
above.



X-ray and optical Monte Carlo simulations for imaging 1555

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 7. Point-response functions for the columnar phosphor model under normal incidence (first
column), 10◦ (second column) and 15◦ (third column) x-ray incidence polar angle. In all cases
the azimuthal angle of the beam direction was 90◦. The first row corresponds to the image in the
photodiode layer (P xeo(x, y), with contour lines indicated for 0.25, 0.1 and 0.01 of the maximum).
The second to fourth rows are the projections of P xe into the xy, xz and yz planes, respectively.
In the first and second rows the x axis points to the left and the y axis points upwards. In the third
row the x axis points to the left and the z axis points upwards. In the fourth row the y axis points
to the left and the z axis points upwards.

The results presented in this paper have been obtained with only 1000 x-ray primary
histories, which, in turn, spawns about one million optical photon histories. The code
was compiled and run in a Linux Beowolf cluster. On average, each x-ray primary (and
all its subsequent secondaries) took approximately 2 s to compute, which translates into
about 2 ms per optical photon history. Although the statistical uncertainty of the results
presented in this paper might not be small enough for final calculation of imaging system
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(a) (b) (c)

(d) (e) (f)

Figure 8. Top view point-response functions for the columnar phosphor model under normal
incidence (first column), 10◦ (second column) and 15◦ (third column) x-ray incidence polar angle.
In all cases the beam azimuthal angle was 180◦. The x axis points to the left and the y axis upwards.
Contour lines are indicated for 0.25, 0.1 and 0.01 of the maximum. The first row corresponds to
the image in the photodiode layer (P xeo(x, y)) and the second row shows the projections of P xe

into the xy plane.

performance, they show clear trends and are useful as demonstrations of the capabilities of
the code.

3.2. Statistics of the optical signal

With MANTIS, the PHS is obtained directly at the output. From the PHS we can calculate the
Swank (Swank 1973) or the information factor I (Ginzburg and Dick 1993) which is given by

I = 〈q〉2

〈q2〉 =
( ∫

PHS(q)q dq
)2

∫
PHS(q) dq

∫
PHS(q)q2 dq

, (8)

where q represents the number of detected optical quanta per interaction of primary x-ray.
Figure 6 shows PHSs for mono-energetic beams of different energies. Since the phosphor

is mostly transparent, the spectra represent a close indication of the interaction energies. For
instance, the four peaks in the left end of the PHS at 39.5 keV correspond to the K-α and K-β
transition energies of Cs (30.3 and 34.8 keV) and I (28.0 and 32.1 keV) (National Institute of
Standards and Technology 2005). From the distributions in figure 6, and using equation (8),
we calculated the information factors and compared them to experimentally measured
values reported in the literature (Zhao et al 2004). The results are presented in table 3.
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(a) (b) (c)

(d) (e) (f )

Figure 9. Same details as in figure 8 except that the beam azimuthal angle was 0◦.

Note that at 18.5 keV, the experimental measurement system is not capable of capturing such a
sharp distribution, which explains the differences between experimental and predicted values
of I at this energy (Zhao et al 2004).

3.3. Phosphor blur

Another feature of MANTIS is the capability of obtaining the distribution of energy deposited in
the phosphor, as well as the image corresponding to the optical signal detected in the photodiode
layer. In this section, we present results with respect to the three-dimensional point-response
function (3D-PRF). The 3D-PRFs were obtained by counting the energy deposited in a three-
dimensional array of cubic bins with a side of 1 µm.

To illustrate the possibilities of the code, we present results for different angles of
incidence of the x-ray photon beam, namely, at normal incidence, 5◦, 10◦ and 15◦. Our
results are expressed in terms of two components: P xe(x, y, z), a 3D array of deposited
energy associated with x-ray and electron transport, and P xeo(x, y), a two-dimensional array
that accumulates the detected optical photons in the photodiode layer (the image). P xeo(x, y)

depicts the blur associated with the transport of x-rays, electrons and optical photons. For
presentation purposes, we show the projections of the 3D distribution P xe(x, y, z) into the xz

and xy planes. For a phosphor thickness τ , our notation is as follows,

P xe(x, y) =
∫ τ

0
P xe(x, y, z) dz, (9)
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(a) (b) (c)

(d) (e) (f)

Figure 10. Same details as in figure 8 except that the beam azimuthal angle was 90◦.

P xe(y, z) =
∫ X

0
P xe(x, y, z) dx, and (10)

P xe(x, z) =
∫ Y

0
P xe(x, y, z) dy, (11)

with X and Y being the lengths of the screen model along the x and y axes.
Figure 7 shows the distributions for the columnar model for an x-ray energy of 19.5 keV.

The first row corresponds to the optical image at the photodiode, P xeo(x, y). In the second,
third and fourth row we show P xe(x, y), P xe(x, z) and P xe(y, z), respectively. Due to the
column tilt, which was fixed in all our simulations to a polar angle of 5◦ and an azimuthal angle
of 0◦ with respect to the reference frame defined before, the results are different when the x-ray
beam is incident at a certain polar angle but at variable azimuthal angles. To demonstrate this
effect figures 8–10 show the top-view projections, similar as those of figure 7, for different
orientations of the beam (same polar angle, different azimuthal angles). The ability of the
MANTIS package to obtain three-dimensional, depth-dependent point-response functions of
deposited energy within the columnar phosphor, while at the same time generating the image
recorded in the pixel array, is a major improvement of the code versus previous work from our
group and other simulation packages.

Our last result relates to the change in the PRF as the x-ray pencil beam hits different
areas of the columns. In figure 11 we observe the variations in PRF as the x-ray beam scans
the structure from the centre (x = 0, y = 0) to the location (x = 0, y = 15 µm) in steps
of 3 µm.
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(a) 0 µm (b) 3 µm (c) 6 µm

(d) 9 µm (e) 12 µm (f) 15 µm 

Figure 11. Point-response function P xeo(x, y) as the incidence location of the x-ray beam is
scanned over the columnar array toward the right from the centre (a) a distance indicated in each
sub-figure caption.

4. Discussion

The simulation tool MANTIS provides new opportunities for the realistic modelling of imaging
performance of detectors based on indirect x-ray detection using columnar phosphor screens.
For instance, our pulse-height spectra can be used in conjunction with appropriately hardened
x-ray spectra to calculate the zero-spatial-frequency detective quantum efficiency of phosphor
screens using the approach of Wagner and Tapiovaraa (Wagner et al 1997) and the methodology
reported by our group in 2003 (Jennings and Badano 2003).

Our results suggest, for the first time, that the point-response function is highly non-
symmetrical, and that the resolution properties of a columnar screen in a tomographic or
tomosynthetic imaging system vary with the angle of x-ray incidence. Predictions from MANTIS,
after proper validation, can provide the required understanding of the extent of such variations,
and eventually, lead to the incorporation of the angular dependence into the reconstruction
algorithms of a volumetric x-ray imaging system. Work to validate the angular dependence of
the point-response functions is underway in our laboratories.

The ability of combining, within the same simulation run, features from PENELOPE (i.e., dose
scoring in regions of interests) with imaging performance metrics from DETECT-II (i.e., point-
response function) allows a more complete treatment of the imaging system for optimization
and development of novel x-ray modalities. This ability is no longer limited to low x-ray
energies or to normally incident x-ray beams.
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